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The thermochemical and electrochemical reaction mechanisms within a SOFC anode are complex, particularly when hydrocarbon species are involved. [1] [2] [3] Elementary reaction steps are needed to accurately depict gas-phase chemistry, heterogeneous surface reforming, and heterogeneous charge-transfer reactions. Understanding the governing mechanisms for internal reforming and electrochemistry is paramount to optimize anode structure and operating conditions. More specifically, it is critical to identify the correct rate-limiting steps in these elementary mechanisms because those steps control the rate at which the cell can produce current. The elementary electro-oxidation reaction mechanisms for H 2 and CO require special attention because both of these fuels are dominant in practical SOFC fuel streams like reformed natural gas, coal syngas and biogas. 4 A couple of reaction mechanism types have been proposed to represent H 2 electrochemical oxidation at the triple-phase boundary (TPB) of Ni-YSZ: (1) hydrogen spillover and (2) oxygen spillover. Hydrogen (H) spillover mechanisms involve a charge-transfer step where hydrogen spills over from nickel to YSZ to react with oxygen. Oxygen (O) spillover mechanisms, on the other hand, involve a charge-transfer step where oxygen spills over from YSZ to nickel to react with hydrogen. Hydrogen electro-oxidation models typically select only one spillover pathway rather than implementing both the H and O spillover pathways simultaneously. Although a few researchers have used O spillover mechanisms to describe H 2 electro-oxidation, 5, 6 the majority have implemented H spillover mechanisms. [7] [8] [9] [10] [11] [12] [13] [14] A few researchers have compared these two pathways and concluded that H spillover mechanisms are better than O spillover mechanisms at consistently predicting patterned-anode experimental data for H 2 /H 2 O mixtures. [15] [16] [17] Our previous work indicated that the H spillover mechanism was limited by the rate of H 2 adsorption at high currents. 10 However, a similar study of the rate-limiting steps for the O spillover mechanism at high currents is still needed.
Although CO is also electrochemically active in SOFCs, research on the subject of CO electro-oxidation is much less expansive, partly because CO oxidizes more slowly than H 2 in SOFCs. [18] [19] [20] [21] However, understanding the mechanism for CO electro-oxidation is critical to accurately represent syngas mixtures, where CO is present in large enough quantities to contribute to cell current. 20, 22, 23 Researchers have found that O spillover to CO on nickel is a more likely pathway than CO spillover to YSZ because CO molecules have a strong affinity to nickel sites. [24] [25] [26] However, most MEA models represent CO electrooxidation as a global reaction rather than implementing the detailed O spillover pathway. Charge-transfer steps are also always assumed rate-limiting in CO electro-oxidation mechanisms, so a comparison of the rate-limiting steps in the CO mechanism is needed, particularly at high currents where the CO adsorption step can potentially be limiting.
Although the mechanisms for both H 2 and CO electro-oxidation have been modeled individually, few researchers have attempted to model H 2 +CO electro-oxidation, which is needed to accurately characterize SOFC behavior with syngas mixtures. 23 It is a complicated task to model the simultaneous electro-oxidation of H 2 + CO in SOFCs because it requires modeling parallel charge transfer pathways along with internal reforming (e.g. the water-gas-shift reaction). Moyer et al. 27 recently developed a model for H 2 + CO co-oxidation that accounts for both reforming and the parallel H and O spillover pathways. They fitted the kinetic parameters of each charge-transfer step in the hydrogen and oxygen spillover pathways to patternedanode Tafel data for syngas mixtures. 5 Moyer's model was able to predict that data set best when both spillover pathways were active, as opposed to just one spillover pathway. However, questions remain regarding the relative importance of these two spillover pathways and the relative importance of H 2 and CO in each of these pathways. Charge-transfer steps were also always assumed rate-limiting in Moyer's study, so a comparison of the rate-limiting processes in each spillover pathway still requires further investigation in order to accurately predict a wide range of experimental data.
A recent ab-initio study by Fu et al. 28 provided needed insight on the spillover pathways for H 2 and CO electro-oxidation on Ni/YSZ from a micro-structural perspective. This group used first-principles simulations and the Monte Carlo method to confirm that CO electrooxidation can only proceed through the O spillover pathway. Perhaps more importantly, Fu et al. demonstrated that the O spillover pathway is a critical source of current in the H 2 electro-oxidation mechanism. Another independent first-principles paper also recently found that O spillover is an important pathway in the H 2 electro-oxidation mechanism. 29 These recent findings motivate the need for a MEA model with a detailed electrochemical mechanism that accounts for O spillover in addition to H spillover. Such a model is needed to accurately capture the electrochemical reaction pathways of both H 2 and CO in a SOFC exposed to any syngas fuel.
The first part of this paper introduces the full 1D-MEA model and describes the combined H and O spillover electro-oxidation mechanism in further detail. 23 The first modeling section also describes how both the H and O spillover mechanisms account for the possibility of rate-limiting H 2 and CO adsorption onto nickel at high currents. The validity of this detailed model is then tested by comparing model predictions to experimental polarization data for a wide range of anode Journal of The Electrochemical Society, 164 (2) F32-F45 (2017) F33 fuel mixtures. 21 Finally, the polarization curves for two fuel mixtures are presented more thoroughly in order to demonstrate the relative importance of the different spillover pathways and the rate-limiting steps in each of these pathways.
Model Description
The key output of this MEA model is the polarization (cell voltage vs. current density) curve for a given temperature, pressure and fuel composition. The model is isothermal and the domain is 1D with respect to distance from the triple-phase boundary (TPB). This representation is consistent with the geometry of a button cell, where the entire anode is exposed to the same anode fuel mixture. The previously-published portions of this model will be briefly introduced, followed by detailed descriptions of the combined spillover electrooxidation mechanism and the rate-limiting fuel adsorption model. More detailed explanations of the governing equations for conservation, thermochemistry, and cell overpotentials can be found in a previous paper.
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Conservation equations.-The equation for mass conservation in the gas-phase of the porous anode is:
where ε is the porosity, c k is the concentration of gas species k [mol m , and K g is the total number of gas species. The production rate of gas species by gas-phase reactions is assumed to be negligible in comparison with the surface reaction rates on the nickel catalyst dispersed throughout the anode (ṡ gas,k A sṡsur f,k ). The equation for mass-conservation on the nickel surface sites of the porous anode is:
where c sur f,k is the concentration of surface species k [mol m −2 ],ṡ sur f,k is the production rate of species k by heterogeneous reactions [mol m −2 s −1 ], and K s is the total number of surface species. These gas and surface mass conservation equations are applied along with the thermochemistry model over a series of m discrete nodes throughout the anode depth. The electrochemical reactions, however, occur only at the mth node of each electrode, where the TPB is located. 30, 31 Fluxes of surface species (∇ · J k,m ) therefore only occur at this last node:
where the subscript a denotes the anode TPB, and the subscript c denotes the cathode TPB. Fluxes J i are defined here as positive into the electrolyte and negative away from the electrolyte. i H −spill and i O−spill are the currents associated with the H and O spillover pathways, respectively. Thus, the total cell current is the sum of both current pathways:
Transport in porous media.-The gas phase fluxes (J k ) from Equation 1 are computed using the dusty gas model (DGM), an extension of the Stefan-Maxwell diffusion equations that captures both Knudsen and binary diffusion. 32 The DGM can be written as an implicit relationship among the molar concentrations, molar fluxes, concentration gradients, and the pressure gradient:
where c t = Thermochemistry.-Surface reforming in the anode is usually modeled with simplifying assumptions, such as local equilibrium or global reaction kinetics. 31, 33 However, a detailed kinetic model is used here that was first developed by Hecht et al., 3 and then extended to a wider temperature range by Janardhanan and Deutschmann. 30 This mechanism consists of 42 reaction steps, and involves six gaseous species and twelve surface species. The net production rate of gas or surface species k due to heterogeneous reactions is given by:
where R sur f,i is the rate of heterogeneous reaction i [mol m −2 s −1 ] and ν i,k is the stoichiometric coefficient of species k in reaction i. This surface species production term,ṡ sur f,k , appears in Equations 1-2, the mass conservation equations for the gas and surface phases in the anode. A list and detailed description of the full surface reforming mechanism on nickel is presented elsewhere.
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Cell overpotentials.-Operating voltage can be expressed as the difference between the reversible cell potential and various overpotentials: [6] where E rev is the reversible (open-circuit) cell potential, η act,a and η act,c are the activation overpotentials at the anode and cathode, η act,a and η act,c are the concentration overpotentials at the anode and cathode, and η ohm is the total ohmic overpotential. Because the focus of this study is on the validity of the proposed electrochemical mechanisms on the anode, voltage terms outside the anode are taken directly from the experimental group in order to minimize uncertainty. The details of this approach are given in a separate study that isolated the impact of CO electrochemistry on cell operating voltage. 23 First, the reversible cell potential (E rev ) is matched to the experimental reversible cell potential for that anode fuel mixture (E rev,exp ). These experimental cell potentials come directly from the same data sets presented throughout this paper, published by Virkar's group at the University of Utah. 21 Because those authors attribute their low experimental reversible potentials to air leakage in the anode, the model here physically replicates the conditions of that experiment by introducing an incremental air leak into the anode fuel stream. This air leakage into the anode mixture is increased until the equilibrium partial pressure of oxygen at the anode TPB ( p O 2,a ) causes the modeled and experimental reversible cell potentials to match: [7] where p O 2,c = .21P is the equilibrium partial pressure of oxygen in the cathode channel. The anode mixture adjusted for the final air leak is then used in other parts of this model for consistency, assuming that a physical air leak is actually present in the channel leading to the anode in their experimental set-up. Overpotentials in the electrolyte and cathode are taken directly from Virkar's experimental group in order to minimize uncertainty in the model and isolate the impact of the anode mechanism. ohmic and total cathodic overpotential are calculated using curve fits to previous overpotential data sets published by Virkar's group for the same SOFC's used in their later experiments:
where i tot [A cm −2 ] is the total cell current density, and R tot = .0588 cm 2 is the total resistance of the cell to ionic and
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Journal of The Electrochemical Society, 164 (2) F32-F45 (2017) electronic flow. 34 Concentration and activation overpotentials in the cathode (η con,c and η act,c ) are combined into a total cathode overpotential (η tot,c ) because only the combined cathode overpotential data was provided by Virkar's group. 34 Unlike the other loss modes that are taken directly from Virkar's experimental data, the anode overpotentials are modeled more rigorously since the focus of this study is on the anode. The anode concentration overpotential is modeled as the difference in reversible cell potential taken at the anode channel and at the anode TPB: [10] where p O 2,a is the equilibrium partial pressure of oxygen at the anode channel and p O 2,a,T P B is the equilibrium partial pressure of oxygen at the anode TPB. The anode activation overpotential, η act,a , is an input to the model because it is common to both electro-oxidation spillover pathways. The governing equations for anode activation overpotential and their underlying electro-oxidation mechanisms via H and O spillover are described next in detail.
Spillover electro-oxidation mechanisms.-The H spillover mechanism consists of five steps (shown in Fig. 1A ), while the oxygen spillover mechanism consists of ten steps (shown in Fig. 1B ). Each spillover mechanism contains two charge-transfer steps that come from previously proposed mechanisms. 17 All of the reactions that occur solely on nickel come from the 42-step surface reforming mechanism presented previously. 30 The novel aspects of this proposed mechanism are: 1) that it simultaneously accounts for both spillover pathways for H 2 electro-oxidation, and 2) that it distinguishes oxygen spillover to H (Ni) from oxygen spillover to C O(Ni). This novel combination of spillover pathways for H 2 and CO makes it possible to determine how much current is produced by each fuel and by each pathway over a wide range of fuel mixtures. The five steps in the H spillover reaction mechanism are (depicted in Fig. 1A ):
r Adsorption of hydrogen on nickel:
r Transfer of oxygen ion between the bulk and surface defects of YSZ:
r Charge-transfer reactions at the TPB:
r Desorption of steam from nickel:
The ten steps in the O spillover reaction mechanism are (depicted in r Adsorption/desorption of fuels on nickel:
r Charge-transfer reactions at the TPB: Figure 1 . Depiction of the reaction steps at the TPB of a SOFC for the hydrogen spillover mechanism (A) and oxygen spillover mechanism (B). In both diagrams, the nickel surface of the anode is on the left, the YSZ electrolyte surface is on the right, and the surrounding space represents the gas-phase. The H spillover mechanism (A) only involves hydrogen fuel, whereas the O spillover mechanism (B) involves reactions with both H and CO on nickel.
r Reactions of fuels with oxygen on nickel:
r Desorption of products from nickel:
(Ni) denotes species adsorbed on anode nickel sites, (Y SZ) denotes species adsorbed on surface oxygen vacancy sites, (Y SZ, bulk) denotes YSZ bulk defect sites, and (g) denotes gas-phase species. Note that the charge-transfer steps (H.3)-(H.4) in the H spillover mechanism directly involve the adsorbed fuel, whereas the charge-transfer steps (O.4)-(O.5) in the O spillover mechanism do not.
The step of oxygen transfer from bulk to surface oxygen vacancy sites of YSZ is common to both mechanisms, labeled (H.2) in the Hspillover pathway and (O.3) in the O-spillover pathway. This oxygen transfer step occurs rapidly at SOFC operating temperatures, and is thus modeled in equilibrium according to the expression: [11] where 
Previous models have accounted for both YSZ and zirconia surface sites on the electrolyte. 27 However, this model omits side-reactions on zirconia sites because their inclusion only added to the model complexity without tangibly altering charge-transfer rates.
Finally, all of the steps in these pathways that occur exclusively on nickel and/or the gas phase are already built into this model's thermochemical reforming mechanism. The model's default solver allows these reforming reactions to reach chemical equilibrium as it resolves currents and anode surface species coverages. Therefore, the model implicitly assumes that the charge-transfer steps in each pathway are rate-limiting (Case 1 below) because it models all other steps in equilibrium. However, when fuel adsorption becomes ratelimiting at high anode overpotentials (Case 2 below), then current density becomes a Butler-Volmer function based on the rate-limiting adsorption step. 
where F is the Faraday constant [C mol -1 ],l TPB is the TPB length per unit cell area [m cm -2 ],β i are the faradaic charge-transfer coefficients,
,and E is the electric potential difference across the anode-electrolyte double layer [V] . The surface species site densities are simply the products of the surface species coverages and the total Table I . Kinetic constants and faradaic coefficients for the chargetransfer steps in both spillover pathways, fitted to patterned-anode experimental data for 750-850 • C. 27 Step 
and the backward rate constants are the forward rate constants divided by the equilibrium constants of each reaction:
The constants that appear in these rate constant expressions are listed in Table I along with the faradaic charge-transfer coefficients for each charge-transfer reaction. These values come from a previous group that fitted both of the spillover mechanisms to Tafel plots from patterned-anode experiments conducted by Mizusaki et al. at 0.83 atm and 750, 800 and 850
• C.
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The TPB species coverages on nickel (θ i,Ni ) in Equations 13-16 are resolved simultaneously with the anode concentration profiles and currents, according to the algorithm described in the Simulation procedure section. These coverages are governed by the anode transport and mass conservation equations along with the detailed surface reforming mechanism, which accounts for twelve surface species. 30 The vacancy fraction of nickel at the TPB is then given by: [17] where the summation occurs over all twelve possible surface species on nickel at the TPB:
The electric potential difference in Equations 13-16 is defined as the sum of the equilibrium potential and the anode activation overpotential: E = E eq + η act,a . The anode activation overpotential is a known input quantity to the model, and the equilibrium potential is determined by solving for E eq in Equations 13-14 at open-circuit conditions, as explained in Appendix A1:
where a =
and nickel surface coverages are taken at the TPB under open-circuit conditions. The four unknown YSZ cover-
can then be determined for a given anode activation overpotential by setting Equations 13-14 and Equations 15-16 equal, as explained in Appendix A2.
Once the equilibrium potential (E eq ) and YSZ coverages are known, the current densities of each charge-transfer step can be evaluated using Equations 13-16. The total current densities associated with the H and O spillover pathways are then given by:
[19] [20] where i (H.3) = i (H.4) and i (O.4) = i (O.5) because these reaction pairs are in quasi steady-state. This assumption of equal currents in a given charge-transfer pathway is necessary because intermediate ionic
participate exclusively in the charge-transfer reactions of the hydrogen and oxygen spillover pathways, respectively. Thus, steady-state coverages of these two intermediate species can only be maintained if the currents produced by each charge-transfer step in a given pathway are equal. 23 , 36 The total steady-state current density is then the sum of these two spillover
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Finally, the distribution of current between the two fuels, H 2 and CO, is determined directly from their rates of reaction at the TPB. Specifically, the current density produced by CO electro-oxidation is given by evaluating step
, at steady-state:
where A s is the specific catalyst area [cm −1 ], L a is the total anode thickness [cm] , m is the number of nodes in the anode model, and R R (O.8) is the net rate of reaction (O.8) taken from the surface reforming mechanism with steady-state surface coverages [mol cm
. 30 The current density associated with H 2 electro-oxidation is then simply the difference between total current density and CO current density:
Finally, the current associated with O spillover to H 2 is given by: [24] which can also be expressed as the difference between total O spillover current and CO current, which is only produced through the O spillover pathway:
Thus, the individual currents associated with each spillover pathway and each fuel can be determined at steady-state when charge-transfer processes are rate-limiting in each spillover pathway.
Case 2: Fuel adsorption steps are rate-limiting at high currents.-Although the charge-transfer processes are typically rate-limiting, it is possible that hydrogen and/or CO adsorption can become ratelimiting steps in the spillover pathways at higher current densities. More specifically, the hydrogen adsorption step, (H.1)/(O.1), can become rate-limiting in the H spillover pathway and/or the O spillover pathway to H (Ni). Similarly, it is theoretically possible that the CO adsorption step, (O.2), can become rate-limiting in the O spillover pathway to C O(Ni) even though CO has a strong affinity to nickel surface sites. 28 In all three of these pathways (H spill, O spill to H (Ni), O spill to C O(Ni)), fuel adsorption only becomes the rate-limiting step in the model if the current predicted by assuming rate-limiting adsorption is less than the current predicted by rate-limiting chargetransfer.
This method of modeling rate-limiting fuel adsorption at high currents has been described in previous work as the "switch-over" mechanism, named after the point where the rate-limiting step switches over from charge-transfer to adsorption. The H spillover model in that previous work was better able to fit experimental H 2 + H 2 O data at high currents when the switch-over mechanism was used instead of the standard rate-limiting charge-transfer model. 10, 23 It is therefore plausible that a similar "switch-over" mechanism could improve the fit of the O spillover model to experimental data at high currents. Therefore, rate-limiting fuel adsorption is checked for in all of the spillover pathways for hydrogen and CO in this model.
If hydrogen adsorption onto nickel (H.1)/(O.1) is rate-limiting, then the current for that pathway is given by the following ButlerVolmer relationship:
RT [25] where P H 2 is the partial pressure of H 2 in the gas-phase at the TPB, and the exchange current density pre-factor is given by:
. 10, 37 This pre-factor is a function of a couple of dimensionless parameters: the area-specific TPB length (a T P B ) and the sticking coefficient of H 2 on nickel ( γ H 2 = 0.01). 30 Equation 25 applies to both the H spillover pathway and the O spillover to H (Ni) pathway, which can both become limited by the rate of hydrogen adsorption onto nickel.
If CO adsorption onto nickel (O.2) is rate-limiting, then the current for that pathway is given by the following Butler-Volmer relationship:
RT [26] where P C O is the partial pressure of CO in the gas-phase at the TPB, and the exchange current density pre-factor is given by:
, where γ C O = 0.5. 30 Because the area-specific TPB length (a T P B ) that appears in both of these exchange current terms is unknown, it is treated as a fitting parameter and presented along with a sensitivity analysis in the first section of the results.
The point at which fuel adsorption becomes the rate-limiting step in a given pathway is determined by comparing the currents predicted by the expressions for charge-transfer and adsorption. More specifically, H 2 adsorption becomes rate-limiting in the H spillover mechanism when i H −ads < i H −spill and in the O spillover mechanism when i H −ads < i O−spill . Similarly, CO adsorption becomes rate-limiting in the O spillover mechanism when i C O−ads < i O−spill . Thus, there are up to three distinct points along a given polarization curve where fuel adsorption becomes rate-limiting in these three pathways. These points will be observed in the second portion of the results and discussion.
Simulation Procedure
Temperature, pressure and fuel composition are inputs to the model, which generates a current density-voltage curve by iterating through anode activation overpotential. Steps 1)-2) below are carried out once for each simulation, then steps 3)-5) are repeated for increasing anode overpotential until an entire polarization curve is generated. The following steps are implemented in a MATLAB script to generate each cell polarization curve:
Calculate the equilibrium mixture at the anode channel..-The input fuel composition to the anode is first adjusted by incrementally adding air until the theoretical and experimental OCV values match, as explained in Cell overpotentials section. Cantera's "equilibrate" function is applied to each incrementally adjusted anode mixture at the fixed input temperature and pressure to determine the equilibrium partial pressure of oxygen at the anode channel, p O 2,a . This value is then used in Equation 7 to calculate the reversible cell potential, which is compared to the reported experimental OCV value for that mixture. This process is repeated for increasing air content until the calculated and experimental OCV values match. The final anode mixture adjusted for air leakage is the actual anode fuel composition used in the rest of this simulation procedure.
Calculate the equilibrium potential drop across the anode/electrolyte double-layer.-The equilibrium potential difference across the anode/electrolyte double-layer (E eq ) is needed to determine cell currents, which are exponential functions of E = E eq + η act,a . At open-circuit conditions, E = E eq because η act,a = 0, so the equilibrium potential difference can be determined by setting the individual currents in Equations 13-14 or 15-16 to zero and solving for E eq . For anode mixtures without H 2 , Equations 15-16 are set to zero because only the O spillover pathway is active in the absence of hydrogen. For mixtures containing H 2 , Equations 13-14 are set to zero because the H spillover pathway is dominant at low currents. In all cases, the two selected current equations are solved along with Equations 11-12 for E eq and the open-circuit coverages on YSZ, as detailed in the Appendix.
Resolve current densities and anode species profiles.-Anode activation overpotential is a model input, so the current density Equations, 13-16, can be solved for currents along with the transport equations for species profiles throughout the anode. The initial fluxes of surface species at the TPB, given by Equation 3 , are boundary conditions to the DGM transport Equation 4 , which is cast in matrix form. An ordinary differential equation solver, the "ode15s" F37 function in MATLAB, resolves the steady-state gas and surface species profiles throughout the anode. The steady-state current densities and YSZ surface coverages (presented in Case 1: Charge-transfer steps are rate-limiting -Case 2: Fuel adsorption steps are rate-limiting at high currents sections) are then updated with the new TPB concentrations. The fluxes of surface species at the TPB are then updated based on the new current densities. These new fluxes are then fed back into the DGM solver as boundary conditions to solve for anode species profiles. This process repeats until the non-linear "fsolve" function converges on steady-state current densities, YSZ coverages, and anode species profiles. More details on the mechanics of this complex algorithm from an earlier version of this model are given elsewhere.
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Calculate cell overpotentials and operating voltage.-Once the anode profiles and currents are resolved, all of the cell overpotentials can be readily computed. The anode activation overpotential is a model input, so its value is known. The anode concentration overpotential is given by Equation 10 , where p O 2,a,T P B is determined by applying the Cantera "equilibrate" function to the steady-state gas mixture at the last node of the anode. Total cathode overpotential and ohmic overpotential are then computed as functions of total current density in Equations 8 and 9. Finally, the cell operating voltage is determined by subtracting all overpotentials from the reversible cell potential, according to Equation 6 .
Check for changes in rate-limiting steps.-Because fuel adsorption only becomes rate-limiting at high anode overpotentials (refer to Case 2: Fuel adsorption steps are rate-limiting at high currents section), the model starts out assuming rate-limiting charge-transfer for all pathways. However, these rate-limiting assumptions are checked at each new anode overpotential to determine whether the model needs to switch over to rate-limiting fuel adsorption for each pathway. This check is performed by calculating the current densities associated with rate-limiting fuel adsorption in Equations 25-26, using the TPB species values determined in step 3). These new currents are then compared to the currents previously calculated in step 3) under the assumption of rate-limiting charge-transfer. If i H −ads < i H −spill , then fuel adsorption becomes rate-limiting in the H spillover pathway. Similarly, fuel adsorption becomes rate-limiting in the O spillover pathway to H (Ni) when i H −ads < i O−spill , and CO adsorption becomes rate-limiting in the O spillover pathway to C O(Ni) when i C O−ads < i O−spill . Whenever fuel adsorption becomes rate-limiting in a pathway, the charge-transfer current density equations for that pathway in step 3) are replaced with Equation 25 or 26. Current density for that pathway is then resolved along with anode profiles in step 3) according to the same procedure previously described.
Results and Discussion
The results are presented here in three sections: 1) model verification, 2) mechanism investigation and 3) model extension. The first section verifies the model against experimental data for a wide range of mixtures with H 2 and/or CO. The second section investigates the division of current between the different spillover pathways, and also studies how the rate-limiting assumptions in the mechanism impact performance predictions. Finally, the third section extends the applicability of the model to two independent data sets at lower temperatures.
The operating conditions and anode structural parameters that are held constant in all of the simulations from the first two sections are listed in Table II . All of the constants in this table are obtained directly from Jiang and Virkar's experiment 21 unless otherwise indicated. This approach minimizes uncertainty and matches this model to their experimental button cell, which the model is compared to in the first two sections here. Structural parameters are only listed for the anode because the electrolyte and cathode overpotentials are taken directly from Virkar's experimental measurements, 34 as described in Cell overpotentials section. The triple-phase-boundary length selected here is the same one reported by Moyer et al. 27 to fit the same hydrogen and oxygen spillover models to patterned-anode Tafel plots. This TPB length 38 in their 3D reconstruction of a porous Ni-YSZ anode. The two highlighted rows in Table II , tortuosity and area-specific TPB length, are the only two constants in the model that were treated as fitting parameters to match the experimental data, as described in the next section.
Model verification.-Before the different current pathways and rate-limiting processes of the proposed mechanism can be investigated, the model must be verified as a reasonable predictor of cell performance for mixtures containing hydrogen, CO or both fuel species. Therefore, the model is presented here alongside a comprehensive set of porous anode SOFC experimental data for CO/CO 2 , H 2 /H 2 O, H 2 /N 2 , H 2 /CO, and H 2 /CO 2 mixtures. 21 This particular experimental paper is cited by many modelers, but very few have presented a convincing fit to multiple data sets from this paper. 39 Therefore, fitting the model successfully to this expansive data set will provide some evidence for the validity of the proposed electro-oxidation mechanism, and the final section of this paper will further validate this mechanism against two independent data sets from other groups.
Tortuosity and area-specific TPB length are the only parameters that were adjusted to match the model to this wide range of data, and their fitted values (listed in Table II) are consistent with previously reported values in literature. 9, 10, 21, 38 The fact that only two parameters in the model were fitted to believable values provides further evidence for the proposed spillover mechanism. Whereas previous modeling efforts have fitted a similar spillover mechanism to only syngas data, 27 this work fits the mechanism to a variety of mixtures with and without H 2 and CO. This approach facilitates the independent verification of the O spillover and H spillover mechanisms by testing the model against mixtures with different spillover pathways active. Similar to the approach taken in the previous analysis, 27 this study compares the model to data in Tafel form (i.e. logarithm of current density as a function of anode activation overpotential). This comparison also purposely neglects the limiting current regime where concentration effects confound the impact of the electro-oxidation mechanism on operating voltage. Figure 2 plots the model polarization curves along with experimental data for a couple of CO/CO 2 mixtures. This particular data set is unique in that no hydrogen compounds are present, meaning that O spillover to C O(Ni) is the only active charge-transfer pathway. Therefore, studying the fit of the model to this particular data set provides some needed insight on the validity of the oxygen spillover mechanism. The model predicts the experimental data reasonably well at low currents, but some divergence occurs from the data set at higher currents. However, some level of error is anticipated for these CO/CO 2
Figure 2.
Comparison of polarization characteristics between model and data 21 for mixtures of CO and CO 2 at 800 • C and 1 atm. Oxygen spillover is the only active charge-transfer pathway for these mixtures, and it only spills over to C O(Ni) because hydrogen is not present.
mixtures because the kinetic parameters in the O spillover mechanism were fitted to mixtures of H 2 /H 2 O rather than mixtures of CO/CO 2 . 17 The reasonable fit of model to experimental CO/CO 2 data at low currents in Figure 2 , however, does provide some confirmation that the O spillover pathway is a plausible model for CO electro-oxidation. Figure 3 compares the simulated and experimental polarization curves for mixtures containing H 2 rather than CO, which provides insight on the validity of the combined spillover mechanism to hydrogen electro-oxidation. The model is compared to data for mixtures of H 2 /N 2 ( Fig. 3A) and H 2 /H 2 O (Fig. 3B ) in order to verify that the combined spillover mechanism is applicable to a wide range of H 2 :H 2 O ratios. The model is able to consistently reproduce experimental data in Figure 3 for a wide range of mixtures at moderate currents. Some deviation occurs from experimental values at very low currents, which is partly due to the fact that the open-circuit potential can only be fixed for one of the two spillover pathways, as described in Appendix A1. The overall match between the simulated and experimental polarization curves in Figure 3 , however, is a significant improvement over previous efforts to fit this full data set. 9, 10 This good fit over a wide range of H 2 :H 2 O ratios indicates that the combined hydrogen and oxygen spillover model can reasonably be applied to mixtures where hydrogen is the only electro-active species. Figure 4 compares simulated and experimental polarization curves for mixtures where both H 2 and CO are present in gas-phase equilibrium. For these syngas mixtures, current is produced simultaneously by H spillover and by O spillover to both to H (Ni) and C O(Ni). Therefore, these results provide verification that the combined spillover mechanism can accurately represent the simultaneous oxidation of H 2 and CO. The model is presented against experimental data for mixtures of H 2 and CO 2 (Fig. 4A) and for mixtures of H 2 and CO (Fig. 4B) . Because the fuel stream is modeled in gas-phase equilibrium at the anode, these data sets cover a range of H 2 :H 2 O and CO:CO 2 ratios. The model fits the experimental data reasonably well at moderate currents but somewhat over-predicts voltage at lower currents. This discrepancy near open-circuit conditions can again be attributed to that fact that equilibrium potential across the anodeelectrolyte double-layer can only be set for one spillover pathway, as explained in Appendix A1. The combined spillover mechanism, however, provides reasonable prediction of cell operating voltage for a wide range of syngas mixtures and current densities in Figure 4 . These fitting results in Figures 2-4 together provide verification that the proposed mechanism can represent the electro-oxidation of H 2 and CO on Ni-YSZ when either or both species are present. Both the hydrogen spillover and oxygen spillover charge-transfer pathways are active for these mixtures, but oxygen only spills over to H (Ni) because CO is not present.
Figures 2-4 demonstrate that the model is able to predict cell performance over a wide range of anode mixtures. Only two model parameters, tortuosity and area-specific TPB length, were varied to fit the model to data for all of these mixtures. Figure 5 shows how sensitive the model predictions are to changes in these two tuning parameters for the case of 43% H 2 + 57% N 2 . All model parameters except for tortuosity are held constant in Figure 5A , and all parameters except for area-specific TPB length are held constant in Figure 5B . Both tuning parameters are adjusted from 50% to 150% of their fitted values (τ = 2, a T P B = .0065).
In Figure 5A , the entire polarization curve is affected by changes in tortuosity, because this parameter affects diffusion of gases to the TPB for all currents. Lowering the tortuosity raises current for a given voltage because the path for gases to reach the TPB is more direct. In comparison, adjusting a T P B in Figure 5B only impacts model predictions at high currents because this term only appears in Equations 25-26, where H 2 adsorption is rate-limiting. Lowering a T P B causes the limiting current density to decrease because this parameter is proportional to the TPB length where electro-chemical reactions occur. The results in Figure 5 demonstrate that the model is moderately responsive to changes in the two tuning parameters. It could be argued that these two parameters could simply be adjusted to make the model fit any given data set. However, it is much less likely that these two parameters could be adjusted once to fit a wide range of data sets. Therefore, the model sensitivity to τ and a T P B seems reasonable, given that the model is able to predict data for a wide range of data sets using believable fixed values for these two parameters.
Mechanism investigation.-The previous section provides evidence for the proposed spillovers mechanism, and also demonstrates the model's ability to predict cell performance with H 2 , CO and H 2 + CO oxidation. This section now seeks to determine the relative importance of the H and O spillover pathways for mixtures containing H 2 , CO and H 2 + CO. This section will also explore which steps in these pathways are rate-limiting at higher currents. More specifically, two versions of the model with different rate-limiting assumptions will be compared to experimental polarization curves. Two hydrogen-lean mixtures, with and without CO, are selected for this study because experimental polarization data that extended into the limiting current regime was available for these mixtures. The spillover current pathways, polarization curves and TPB coverages are presented first for a mixture with only H 2 electro-oxidation (20% H 2 + 80% N 2 ), and then for a mixture with both H 2 and CO electro-oxidation (20% H 2 + 80% CO).
Only hydrogen present.-The currents produced by the H and O spillover pathways are compared in Figure 6 for an anode fuel mixture of 20% H 2 + 80% N 2 . For this mixture, H 2 is the only electro-active species, but it can produce current by both the H spillover and O spillover pathways. If charge-transfer steps are always modeled as rate-limiting in both pathways (Case 1, Fig. 6A ), then the majority of current is initially produced by the H spillover pathway, as predicted by previous literature. However, the current produced by H spillover peaks and declines at higher anode activation overpotentials while O spillover current escalates and surpasses H spillover current at high overpotentials. If hydrogen adsorption to nickel is modeled as ratelimiting for higher currents (Case 2, Fig. 6B ), then the shapes of the curves change at higher anode activation overpotentials. H spillover is still the dominant source of current at low overpotentials in Case 2, but it peaks earlier than in Case 1 at the point where hydrogen adsorption becomes rate-limiting in that pathway (denoted by "switch #1"). Once the H spillover pathway becomes limited by the rate of H 2 adsorption, the current produced by O spillover ramps up until that pathway also becomes limited by the rate of H 2 adsorption (denoted by "switch #2"). Beyond that point, the currents produced by both spillover pathways are equal because they are both governed by the rate of hydrogen adsorption to nickel, as governed by Equation 25 . For both cases in Figure 6 , it is evident that the H spillover pathway is the dominant source of current for H 2 electro-oxidation at low overpotentials. However, it is also clear that the O spillover pathway is a non-negligible source of current for H 2 electro-oxidation at moderate to high anode overpotentials.
The model polarization curves for Cases 1 and 2 are compared to experimental data in Figure 7 for the same fuel mixture of 20% H 2 + 80% N 2 . The modeled current densities in this plot are the sum of the currents from the two spillover pathways plotted in Figure 6 . Society, 164 (2) F32-F45 (2017)   Figure 6 . Current densities as a function of activation anode overpotential for the H and O spillover pathways with an anode fuel mixture of 20% H 2 + 80% N 2 . The charge-transfer steps are always modeled as rate-limiting for both pathways in Case 1 (A); hydrogen adsorption is rate-limiting at high currents for both pathways in Case 2 (B). Arrows denote the points where the rate-limiting step switches from charge-transfer to hydrogen adsorption in each spillover pathway in Case 2 (B).
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More specifically, the dashed line in Figure 7 corresponds to Case 1 in Figure 6A , and the solid line and arrows in Figure 7 correspond to Case 2 in Figure 6B . The model for Case 1 in Figure 7 over-predicts current density toward the end of the polarization curve because it does not account for the limitation of hydrogen adsorption rates at high anode overpotentials. The Case 2 curve, on the other hand, is able to predict the experimental voltage drop-off because it accounts for H 2 adsorption as the rate-limiting step at high overpotentials. These findings are consistent with the results of a previous modeling study based only on the H spillover mechanism.
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Figure 7. Modeled polarization curves alongside experimental data 21 for an anode fuel mixture of 20% H 2 + 80% N 2 . The charge-transfer steps are always rate-limiting for both pathways in model Case 1; hydrogen adsorption is ratelimiting at high currents for both pathways in model Case 2. Arrows denote the points along the polarization curve where the rate-limiting step switches from charge-transfer to hydrogen adsorption in each spillover pathway for Case 2. "Switch #1" is the point where adsorption becomes rate-limiting in the H spillover pathway, and "Switch #2" is the point where adsorption becomes rate-limiting in the O spillover pathway.
The two cases of the model diverge at the second switch point in Figure 7 , which is where H 2 adsorption becomes the rate-limiting step in the O spillover mechanism. Up to that point, the polarization curves for the two cases of the model match, despite the fact that H 2 adsorption is rate-limiting in the H spillover mechanism for Case 2 after the first switch-over point. This result implies that more current is routed through the O spillover pathway in Case 2 once the H spillover pathway becomes limited by the rate of hydrogen adsorption, as confirmed in Figure 6B . The fact that Case 2 of the model is able to better predict experimental polarization behavior at high currents provides some justification for the fact that H 2 adsorption becomes rate-limiting in both spillover pathways at high currents. Thus, it appears that the mechanism for H 2 electro-oxidation on Ni-YSZ is governed by the rate of H 2 adsorption to nickel for both spillover pathways at high currents. Figure 8 provides the surface coverages on nickel (Fig. 8A) and YSZ (Fig. 8B) at the TPB as a function of current for the same mixture of 20% H 2 + 80% N 2 . These coverage profiles correspond to Case 2 in Figures 6B-7 , where rate-limiting hydrogen adsorption is enabled at high currents. The impact of this rate-limiting assumption can be observed in Figure 8B , where ionic species coverages on YSZ spike at high currents. In Figure 8 are consistent with predictions from previous models, 17, 27 providing further model verification.
Hydrogen and CO present.- Figures 5-8 focused on a mixture where CO was absent in order to isolate the O spillover pathway to H (Ni) and test the assumption of rate-limiting H 2 adsorption in both spillover pathways. Figures 9-11 build on that analysis by investigating an anode mixture where both fuel species are present: 20% H 2 + 80% CO. For this syngas mixture, current can be produced by O spillover to C O(Ni) in addition to O spillover to H (Ni) and H spillover to YSZ. When CO is present, there is also the possibility that CO adsorption onto nickel becomes the rate-limiting step in the O spillover pathway to C O(Ni) at high currents. Therefore, a detailed study of the current pathways and polarization curves for this syngas mixture should provide insight into the spillover pathways and ratelimiting processes that govern cell performance when both H 2 and CO are present. Figure 9 shows the current densities associated with each spillover pathway as a function of anode activation overpotential for the mixture of 20% H 2 + 80% CO. Current is produced here by three pathways: H spillover to YSZ, O spillover to H (Ni) and O spillover to C O(Ni). Figure 9A corresponds to Case 1, where charge-transfer steps are assumed rate-limiting for all spillover pathways across all anode overpotentials. Figure 9B corresponds to Case 2, where fuel adsorption steps can become rate-limiting at high currents in each of the three pathways. In Figure 9 , the magnitudes and shapes of the curves for the 21 for an anode fuel mixture of 20% H 2 + 80% CO. The charge-transfer steps are always rate-limiting for both pathways in model Case 1; hydrogen adsorption is rate-limiting at high currents for both pathways in model Case 2. "Switch #1" denotes the point on the Case 2 curve where H 2 adsorption becomes ratelimiting in the H spillover pathway, and "switch #2" denotes the point where H 2 adsorption becomes rate-limiting in the O spillover to H (Ni) pathway.
H spillover and O spillover to H (Ni) pathways closely resemble those in Figure 6 . This similarity indicates that the rate-limiting processes in the H 2 electro-oxidation mechanism are largely unaffected by the introduction of CO.
A more interesting comparison in Figure 9 , however, is between the curves for O spillover to H (Ni) and O spillover to C O(Ni). Although some current is produced by O spillover to C O(Ni), substantially more current is produced via O spillover to H (Ni) . This finding is perhaps surprising given the high concentration of CO in the gas phase, but it is consistent with the fact that H (Ni) reacts faster than C O(Ni) does with O(Ni). 30 This result challenges previous assertions that most oxygen spills over to C O(Ni) in mixtures of H 2 + CO, 27 and provides further justification for modeling O spillover to H (Ni) in addition to H spillover. Although the current produced by CO electrooxidation is generally small, it appears to be non-negligible at high anode activation overpotentials for both cases in Figure 9 . Therefore, accurate prediction of cell performance at high currents with CO-rich syngas may still require a model for CO electro-oxidation. Figure 9B also provides some insight on the relative likelihoods of H 2 adsorption and CO adsorption becoming rate-limiting steps. Similar to the results in Figure 6B , both H spillover and O spillover to H (Ni) switch over to rate-limiting H 2 adsorption at high overpotentials (denoted by the "Switch #1" and "Switch #2" arrows, respectively). However, a similar switch to rate-limiting CO adsorption on nickel does not occur in Figure 9B . In fact, CO current density would have to exceed 10 A cm −2 at these anode overpotentials for CO adsorption to become rate-limiting. This order-of-magnitude difference between H 2 and CO adsorption rates is consistent with the difference in these fuels' sticking coefficients to nickel: γ H 2 = 0.01 and γ C O = 0.5. 30 Because CO molecules have such a strong affinity to nickel, the CO electro-oxidation mechanism is never limited by the rate of CO adsorption. Rather, the CO electro-oxidation mechanism is always governed by O spillover charge-transfer kinetics. Thus, the rate of O spillover to C O(Ni) can surpass the rate of O spillover to H (Ni) at high anode overpotentials, where the latter pathway is limited by the rate of H 2 adsorption. This phenomenon can be observed after the two switch points in Figure 9B , where the current produced by O spillover to C O(Ni) exceeds the currents produced by the other two adsorption-limited spillover pathways.
Cases 1 and 2 of the model for the same mixture of 20% H 2 + 80% CO are compared to experimental polarization data in Figure  10 . The modeled current densities in this plot account for the total current produced by all three of the spillover pathways shown in Figure 9 . The Case 1 curve in Figure 9 corresponds to the current break-down from Fig. 8A , while Case 2 and the labeled arrows in Figure 9 correspond to the current break-down in Fig. 8B . As was the case in Figure 7 , the model for Case 1 in Figure 10 over-predicts experimental current density toward the end of the polarization curve because it does not account for the limitation of hydrogen adsorption at high anode overpotentials. The Case 2 curve, on the other hand, is able to predict the high current data well because it accounts for rate-limiting H 2 adsorption. The two cases of the model again diverge at the second switch point in Figure 10 , which is where H 2 adsorption becomes the rate-limiting step in the O spillover to H (Ni) pathway. The fact that Case 2 of the model better predicts experimental data provides confirmation that H 2 adsorption becomes rate-limiting in the two hydrogen pathways, even when CO is present. Thus, for syngas mixtures on Ni-YSZ, it appears that the pathway for H 2 electrooxidation is limited by fuel adsorption rates at high currents while the pathway for CO electro-oxidation is always governed by the rate of charge-transfer. Figure 11 provides the TPB surface coverages on nickel and YSZ for Case 2 from Figures 9-10 . The second switch point to rate-limiting hydrogen adsorption can be observed in Fig. 11B by the spike in intermediate ionic species coverages. The intermediate ionic species on YSZ in Fig. 11B , O − (Y SZ) and O H − (Y SZ), increase with respect to current density, as was the case in Fig. 8B . Similarly, the product species on nickel in Fig. 11A 
increase with respect to current density. In comparison, the product species coverages in Figure 11 [
decline with respect to current density. In comparison with Fig. 8A , there are fewer nickel vacancies in Fig. 11A because CO occupies a large number of nickel sites. This is a result of carbon monoxide's strong affinity to nickel, which causes it to adsorb easily to nickel and prevents it from spilling over to YSZ. The orders of magnitude of the coverages presented in Figure 11 are also consistent with predictions from previous models, 17, 27 providing further verification for this model. Overall, the results in Figures 9-11 provide some insight on the relative importance and rate-limiting steps of the H and O spillover pathways as a function of current for syngas mixtures.
Model extension.-The previous results provided some evidence for the proposed spillover mechanism to explain the behavior of SOFCs with syngas mixtures. However, these results were focused exclusively on the Jiang and Virkar 21 data set at 800
• C. This section takes the model verification one step further by proving this model can be used to predict SOFC performance at other temperatures and conditions. More specifically, the model is compared here to two different data sets provided by independent research groups at 700
• C 40 and 750
• C. 41 In this section, air leakage is not included in the model because predicted and experimental open-circuit voltages match well for these data sets. The version of the model adopted in this section also accounts for detailed transport and charge-transfer in the cathode 42 because experimental cathode overpotentials were not provided by these groups. It is also worth noting that hydrogen adsorption never becomes a rate-limiting step in the model for the cases presented here, in part because charge-transfer steps are especially sluggish at these lower temperatures.
Model parameters are intentionally adopted straight from these experimental papers in order to match the actual conditions from those experiments, as listed in Table III . Thus, a good fit between the model and these two independent data sets should provide strong evidence for the universality of the proposed mechanism, since no parameters were tuned in this comparison.
The only other model parameters adjusted to fit these data sets were the forward rate constants for the charge-transfer reactions, also listed in Table III , which are known to have an Arrhenius temperature dependence: k i, f = A i exp(−E a,i /RT ). The pre-exponential factors obtained by a least-squares fit to these rate constants vs. temperature are listed in Table IV . These factors are listed alongside the previously used values from Moyer et al. 27 that were obtained by fitting to another data set from 750-850
• C. 27 The new pre-exponential factors are all close to but smaller than the values reported by Moyer et al., consistent with the fact that charge-transfer reactions are known to slow down significantly as temperature approaches 700
• C in SOFCs. The similarity between the pre-exponential factors also provides further justification for the universal applicability of this combined spillover model to predict SOFC performance over a wide range of temperatures.
The polarization curves for this model are compared to experimental data from Costa-Nunes et al. 40 at 700
• C in Figure 12 . This data set 40 (in Figure 12 ) and at 750 • C from Ye et al. 41 (in Figure 13) is particularly well-suited for testing this model because it contains pure hydrogen, pure CO and syngas mixtures. The most noticeable discrepancy between the model and experimental data occurs in the syngas data set. This model under-prediction of syngas data may be indicative that water-gas-shift reforming occurs more rapidly in the experiment than anticipated by the model in the relatively thin anode (200 μm). However, the model is able to predict all three of these data sets reasonably well, which speaks to the combined spillover mechanism's ability to represent both hydrogen and carbon monoxide electro-oxidation at temperatures as low as 700
• C. The polarization curves for this model are compared to experimental data from Ye et al. 41 at 750
• C for hydrogen and two syngas mixtures in Figure 13 . Although some deviation occurs at high currents, the model predicts experimental data for all three of these mixtures remarkably well. These results provide further justification for the validity of the combined spillover mechanism for electro-oxidation of hydrogen and CO in SOFCs across a wide range of temperatures. Furthermore, the good fit between the model and data in Figures 12-13 supports the validity of the adjusted Arrhenius parameters in Table  IV to predict SOFC performance at lower temperatures. Table IV . Kinetic constants and faradaic coefficients for the charge-transfer steps in both spillover pathways for two temperature ranges. Pre-exponential factors that were fitted here to experimental data from 700-800 • C are highlighted. Preexponential factors that were previously fitted to data from 750-850 • C 27 are copied from Table I here for comparison. Activation energies and faradaic constants were maintained at their previous values, also copied here.
A i (mol, cm, s) E a,i
Step 700 • C < T < 800 • C 750 • C < T < 850 • C (kJ mol −1 ) Figure 12 . Comparison of polarization characteristics between model and data from Costa-Nunes et al. 40 at 700 • C for hydrogen (97% H 2 + 3% H 2 O), syngas (25% H 2 + 25% CO + 50% N 2 ) and CO (99.9% CO + 0.1% CO 2 ). 41 at 750 • C for hydrogen (97% H 2 + 3% H 2 O), syngas #1 (47% H 2 + 47% CO + 6% H 2 O) and syngas #3 (42% H 2 + 42% CO + 16% H 2 O).
Conclusions
It is critical to understand the individual and simultaneous electrooxidation mechanisms for H 2 and CO in SOFCs in order to predict and optimize cell performance with practical gaseous fuel mixtures. Recent microstructural studies on Ni/YSZ anodes have demonstrated that H 2 electro-oxidation proceeds by means of both H and O spillover, while CO electro-oxidation can only proceed through the O spillover pathway. 28 This combined spillover pathway mechanism was integrated into a 1D-MEA model here that also accounts for detailed gas-phase transport and heterogeneous reforming in the anode. Two cases were accounted for in this model: rate-limiting charge-transfer and rate-limiting fuel adsorption. The model was first verified against a wide range of experimental data at 800
• C by fitting only two unknown fitting parameters (tortuosity and area-specific TBP length) to physically believable values. The current pathways and rate-limiting steps were then investigated in depth for two anode fuel mixtures: 20% H 2 + 80% N 2 and 20% H 2 + 80% CO. This study confirmed that H spillover is the dominant source of current at low anode overpotentials, but also indicated that O spillover to H (Ni) and C O(Ni) contribute to cell performance at high anode overpotentials, where H 2 adsorption becomes rate-limiting. Finally, the model was extended to successfully predict experimental data at 700
• C and 750
• C from two independent groups. These results together provide strong evidence for the combined hydrogen and oxygen spillover mechanism to predict SOFC performance for a wide range of temperatures and fuel mixtures. Experimental measurements at the anode TPB should still be conducted in order to verify the proposed spillover pathways in H 2 + CO electro-oxidation on Ni/YSZ in SOFCs.
